Non-small cell lung cancer (NSCLC) has a 5-y survival rate of ∼16%, with most deaths associated with uncontrolled metastasis. We screened for stem cell identity-related genes preferentially expressed in a panel of cell lines with high versus low metastatic potential, derived from NSCLC tumors of Kras LA1/+ ;P53 R172HΔG/+ (KP) mice. The Musashi-2 (MSI2) protein, a regulator of mRNA translation, was consistently elevated in metastasis-competent cell lines. MSI2 was overexpressed in 123 human NSCLC tumor specimens versus normal lung, whereas higher expression was associated with disease progression in an independent set of matched normal/primary tumor/lymph node specimens. Depletion of MSI2 in multiple independent metastatic murine and human NSCLC cell lines reduced invasion and metastatic potential, independent of an effect on proliferation. MSI2 depletion significantly induced expression of proteins associated with epithelial identity, including tight junction proteins [claudin 3 (CLDN3), claudin 5 (CLDN5), and claudin 7 (CLDN7)] and down-regulated direct translational targets associated with epithelial-mesenchymal transition, including the TGF-β receptor 1 (TGFβR1), the small mothers against decapentaplegic homolog 3 (SMAD3), and the zinc finger proteins SNAI1 (SNAIL) and SNAI2 (SLUG). Overexpression of TGFβRI reversed the loss of invasion associated with MSI2 depletion, whereas overexpression of CLDN7 inhibited MSI2-dependent invasion. Unexpectedly, MSI2 depletion reduced E-cadherin expression, reflecting a mixed epithelialmesenchymal phenotype. Based on this work, we propose that MSI2 provides essential support for TGFβR1/SMAD3 signaling and contributes to invasive adenocarcinoma of the lung and may serve as a predictive biomarker of NSCLC aggressiveness.
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MSI2 | NSCLC | metastasis | lung cancer | claudins N on-small cell lung cancer (NSCLC) is the leading cause of cancer-related deaths in the world (1) . Approximately 7% of individuals born in the United States in 2013 will ultimately be diagnosed with lung cancer, and 160,000 die from this disease each year (1) . The 5-y survival rate for lung cancer is around 16% of diagnosed cases (2) . Much of the lethality of lung cancer is due to frequent diagnosis of the malignancy at the metastatic stage, when fundamental changes in tumor biology cause the disease to be refractory to many treatments. A better understanding of the biological processes that promote NSCLC metastasis promises to further improve clinical care of the patients. Kras LA1/+ ;P53 R172HΔG/+ (KP) mice provide a useful and wellvalidated model for the study of NSCLC metastasis. These mice combine a mutant p53 allele (p53
R175HΔG
) with an activating KrasG12D allele (Kras LA1 ) (3), leading to development of adenocarcinomas resembling human NSCLC, which are often characterized by mutation of KRAS (∼30%) (4) and loss of TP53 (∼60%) (5) . Many of the KP tumors metastasize to sites commonly seen in NSCLC patients (3) . These features make the KP murine model a useful tool with which to evaluate factors that underlie NSCLC metastasis. Among the pathways activated in metastasis, a significant number are associated with tumor-initiating progenitor cell populations (6) (7) (8) (9) (10) (11) (12) . In this study, using cell lines with high or low metastatic potential derived from multiple independent tumors arising in KP mice (13), we evaluated a set of genes associated with progenitor cell identity as candidate regulators of the invasive and metastatic properties of NSCLC tumors. As described later, this work for the first time, to our
Significance
The evolutionarily conserved RNA-binding protein Musashi-2 (MSI2) regulates mRNA translation and influences multiple biological processes, including maintenance of stem cell identity. This work for the first time, to our knowledge, identifies that more aggressive patient tumors have higher MSI2 levels. We define a critical role for MSI2 in supporting non-small cell lung cancer (NSCLC) invasiveness and further define claudins 3, 5, and 7 (CLDN3, CLDN5, and CLDN7), TGF-β receptor 1 (TGFβR1), and the small mothers against decapentaplegic homolog 3 (SMAD3) as targets through which MSI2 regulates this process. The observation that MSI2 expression is progressively elevated from an early stage in human NSCLC tumors suggests that this protein may play an essential role in the reprogramming of TGF-β signaling from growth-inhibiting to invasion-promoting during oncogenesis.
knowledge, identifies elevated expression of the Musashi-2 (MSI2) protein as a common driver of metastasis in NSCLC and defines its mechanism of action in this disease.
Results
Up-Regulation of MSI2 Accompanies Metastasis in Mouse NSCLC Cells and Human NSCLC Tumors. Using quantitative RT-PCR (qRT-PCR) (see SI Appendix, SI Methods and Table S1), we compared the mRNA expression of a candidate set of stem cell marker genes in a highly metastatic (344SQ) versus a nonmetastatic (393P) NSCLC cell line (SI Appendix, Fig. S1A ), both derived from primary tumors that developed spontaneously in KP mice (13) . Genes with a significant difference in expression between these two cell lines were further assessed in a panel of seven metastatic and seven nonmetastatic cell lines derived from additional independent KP tumors. Msi2 expression was consistently elevated in metastatic cell lines at both the mRNA and the protein level ( Fig. 1 A and B and SI Appendix, Fig. S1B ). Msi1, a paralogue of Msi2, also displayed a trend toward elevated expression in metastatic murine cell lines at the mRNA level, but this was not observed at the protein level (SI Appendix, Fig. S1 C and D) .
To assess whether MSI2 overexpression is physiologically relevant in the context of human NSCLC, we first used Automated Quantitative Analysis to analyze the protein expression of MSI2 in tissue microarrays (TMAs) containing 123 primary human NSCLC tumors and normal lung tissue (SI Appendix, Table S2 ). This analysis indicated highly significant elevation of MSI2 in tumors compared with normal tissue (Fig. 1C and SI Appendix, Fig. S1E ). In contrast, parallel assessment of MSI1 expression did not reveal differences in expression between normal lung tissue and primary NSCLC tumor specimens (SI Appendix, Fig. S1F ). Independent analysis of 59 primary NSCLC tumors versus matching normal lung tissue data from The Cancer Genome Atlas (TCGA) Research Network (cancergenome. nih.gov/) indicated frequently elevated expression of MSI2 but not MSI1 mRNA levels in tumor specimens (Fig. 1D) , whereas Kaplan-Meier plots analysis suggested higher levels of MSI2 were associated with reduced overall survival (SI Appendix, Fig. S1G ). In addition, analysis of an independent cohort of matched NSCLC specimens containing normal lung, primary tumor, and tumor-positive lymph nodes from 14 individuals (SI Appendix, Table S3 ) demonstrated significant 2.4-fold elevation of MSI2 levels in the primary tumor and highly 4.5-fold elevation in the lymph nodes versus normal lung tissue ( Fig. 1 E and F) . The progressive increase in MSI2 expression as human lung tumors metastasized from the primary site, combined with data from the KP model, suggested a potential functional and clinical relevance for MSI2 in regulating tumor progression. For all graphs, *P < 0.05, **P < 0.01, and ***P < 0.001 relative to controls.
lines (344SQ, A549, and H358), depletion of MSI2 had no effect on cell proliferation in vitro (SI Appendix, Fig. S1 M and N) , and Msi2 depletion did not affect in vitro growth of 344SQ spheroids in the extracellular matrix (ECM) (SI Appendix, Fig. S2 ).
We next performed orthotopic lung injections of metastasiscompetent 344SQ cells with shRNA vector control or shRNA targeting Msi2 into syngeneic, immunocompetent 129Sv mice. Msi2 depletion significantly reduced the burden of lung metastases following injection, predominantly affecting the total number of metastases and to a lesser extent the size of individual metastases (Fig.  1J) , whereas no statistically significant difference in K i -67 or cleaved caspase staining was observed (Fig. 1K) . In a complementary experiment, an s.c. xenograft of 344SQ also indicated Msi2 depletion induced no statistically significant difference in the growth of primary xenografts or associated K i -67 or cleaved caspase staining (SI Appendix, Fig. S3 A and B) . However, there was a significantly higher metastatic burden in the lungs of mice bearing control versus Msi2-depleted tumors (SI Appendix, Fig. S3D ). In this case, the difference in metastatic area predominantly reflected differences in numbers of metastatic foci, with K i -67 and caspase staining comparable between control and MSI2-depletion groups (SI Appendix, Fig. S3 E and F) . In a reciprocal approach, we overexpressed MSI2 in 393P nonmetastatic cells, which have low endogenous levels of Msi2. MSI2 overexpression did not affect 393P proliferation (SI Appendix, Fig.  S4A ) but greatly increased invasion through Matrigel (SI Appendix, Fig. S4 B and C) . In vivo analysis of orthotopic xenografts indicated a nonstatistically significant increase in metastasis in MSI2-overexpressing cells (SI Appendix, Fig. S4D ). Finally, analysis of migration independent of invasion (SI Appendix, Fig. S4 E and F) showed limited effects of MSI2 depletion. We therefore focused subsequent analyses on mechanistic analysis of invasion signaling.
Unbiased and Candidate-Based Investigation of MSI2-Regulated Signaling.
We used Reverse Protein Phase Array (RPPA) to query 171 total proteins and phosphoproteins for expression changes associated with Msi2 knockdown using control shRNA and Msi2-targeted shRNA derivatives of 344SQ cells (SI Appendix, Fig. S5 ). This work suggested a number of previously unidentified candidates associated with Msi2 expression and relevant to control of epithelialmesenchymal transition (EMT) and invasion. Proteins with the greatest magnitude of response to Msi2 depletion that were subsequently validated by low throughput Western analysis included the tight junction (TJ)-associated protein claudin 7 (CLDN7) (15) (16) (17) , elevated 19.4-fold, and the ECM protein fibronectin (FN1) (18-21), elevated 2.5-fold. Subsequent independent evaluation confirmed these RPPA results, as MSI2 depletion significantly elevated FN1 mRNA (4.0-9.4-fold) and protein (2.4-23 fold) in all four cell lines and elevated CLDN7 protein (2.5-28-fold) in three of the four cell lines (Fig. 2 A and B and SI Appendix, Fig. S6 A and B) . Results were independently confirmed using transient siRNAs to deplete MSI2 (SI Appendix, Fig. S6C ). Although RPPA data also suggested the neurogenic locus notch homolog protein 1 (NOTCH1) expression may be affected by MSI2 (SI Appendix, Fig. S5 ) and although some studies suggested expression of the NOTCH regulator NUMB is influenced by MSI1/2 (22, 23), we found no consistent and significant differences in NUMB in MSI2-depleted cells (SI Appendix, Fig.  S6D ), supporting the idea that regulation of NUMB by MSI1/2 may depend on cellular context (24, 25) .
NSCLC cells have been shown to express multiple claudins with partially redundant function (26), most not represented in the RPPA panel. In direct testing, we found MSI2 depletion also induced CLDN3 and CLDN5 in all four cell lines at the protein level (3.8-22 fold for CLDN3 and 3.4-41 fold for CLDN5) (Fig. 2B and SI Appendix, Fig. S6 E and F) , making restraint of claudin expression a consistent feature of MSI2 function. Studies of the MSI proteins (predominantly focused on MSI1) have defined these proteins as RNA-binding proteins that regulate mRNA translation (22, 24, 27) . The induction of claudins may reflect a combination of transcriptional and posttranscriptional consequences of MSI2 depletion, as the mRNA level shows induction that is less marked than at the protein level (SI Appendix, Fig. S6 A, B, E, and F) . However, the claudin mRNAs lack [(G/A)U(n)AGU (n = 1-3)] the consensus motifs for MSI2 binding described in Wang et al. (28) , suggesting direct regulation of translation is not involved.
Direct MSI2 translational targets defined in other cell types that might be relevant to the invasiveness of NSCLC cells and tumors In murine and human NSCLC cell lines in the context of MSI2 depletion with independent targeting shRNAs (-m1/-m2, -h1/-h2). SCR, control scrambled shRNA. Graphs represent data from four independent runs. (C and D) Western analysis of expression of TGFβR1 (C) and SMAD3 (D) in murine and human NSCLC cell lines with stably depleted MSI2. Graphs represent data from three independent runs. For all graphs,*P < 0.05, **P < 0.01, and ***P < 0.001 relative to SCR (scrambled shRNA) controls. (E) Immunofluorescence analysis of E-Cadherin staining in 344SQ murine (Top) and H358 human (Bottom) NSCLC cell lines, with or without depleted MSI2. Blue, DAPI; red, E-Cadherin. (Scale bars, 30 μm.) (F) Western (Top) and qRT-PCR (Bottom) analysis of E-Cadherin expression in four NSCLC cell line models with or without depleted MSI2. Graphs represent data from three independent runs. For all graphs, *P < 0.05, **P < 0.01, and ***P < 0.001 relative to SCR (scrambled shRNA) controls.
include the TGF-β receptor (TGFβR1) and its effector, the small mothers against decapentaplegic homolog 3 (SMAD3) (24) , which promote EMT by down-regulating E-cadherin (CDH1) and inducing other transcriptional changes (29) . We found that stable or transient MSI2 knockdown caused strong down-regulation of TGFβR1 and SMAD3, predominantly at the protein level, in all four models ( Fig.  2 C and D and SI Appendix, Fig. S6 G and H) . Reciprocally, exogenous overexpression of MSI2 induced TGFβR1 and SMAD3 expression and caused loss of CLDN3, CLDN5, and CLDN7 expression in the 393P cell line (SI Appendix, Fig. S6 I and J) .
Depletion of MSI2 Affects the Composition of Cell-Cell Junctions and
Causes Partial EMT. Based on the action of MSI2 in supporting the expression of TGFβR1 and SMAD3, while repressing CLDN3, CLDN5, CLDN7, and FN1, we hypothesized that the reduced invasiveness of MSI2-depleted cells might reflect changes involving TJs and reduced EMT, associated with elevated E-cadherin (CDH1). Unexpectedly, immunofluorescence analysis demonstrated that expression of epithelial protein E-cadherin at cell-cell junctions was much reduced by MSI2 depletion (Fig. 2E) , as was total E-cadherin protein expression, whereas mRNA levels were not consistently affected (Fig. 2F ). In contrast, there was a significant increase in CLDN3 and CLDN7 staining at cell-cell contact points, whereas TJP1 (ZO-1), which localizes to the cytoplasmic surface of TJs, was unaffected (SI Appendix, Fig. S7 ). We examined expression of additional proteins associated with mesenchymal identity (SI Appendix, Fig. S8 A and B) . MSI2 depletion up-regulated the pro-EMT factors ZEB1, ZEB2, and FOXC2 but down-regulated VIM (vimentin) and the zinc finger proteins SNAI1 (SNAIL) and SNAI2 (SLUG). Conversely, MSI2 overexpression induced CDH1, VIM, SNAIL, and SLUG (SI Appendix, Fig. S8 C and D) . Collectively, these data indicated a mixed effect of MSI2 depletion on EMT.
MSI2 Regulation of Invasion via TGFβR1, SMAD3, and CLDN7. To assess the functional interaction between MSI2, its direct targets TGFβR1 and SMAD3, and claudins, we depleted SMAD3 or TGFβR1 in MSI2-depleted versus control cell lines. SMAD3 knockdown reduced CDH1 expression levels in both parental and MSI2-depleted lines (Fig. 3A) . By contrast, the relationship between TGFβR1 and CDH1 expression was modulated by MSI2 status, with the TGFβR1 knockdown elevating CDH1 expression in the parental cell lines but reducing it in MSI2-depleted cell lines (Fig.  3B) . MSI2 also influenced the response of cells growing as spheroids to treatment with TGF-β (SI Appendix, Fig. S2 ), with control scrambled shRNA (SCR)-depleted cells responding by increasing sphere size but MSI2-depleted cells showing little proliferative response and instead responding by showing a greater phenotype of collective migration. Importantly, depletion of TGFβR1 or SMAD3 caused a statistically significant decrease in invasion in SCR-depleted NSCLC cell lines but not in those with depleted MSI2 (Fig. 3C) . Conversely, overexpression of TGFβR1 partially but incompletely rescued the decrease in invasion seen in MSI2-depleted cells (SI Appendix, Fig. S9 ), suggesting other contributing factors.
The profile of mixed pro-and anti-EMT changes, and incomplete rescue by TGFβR1 overexpression, suggested a possible important role for claudin-associated TJs in limiting NSCLC invasion induced by MSI2-dependent TGFβR1/SMAD3 signaling. Exploring the relationship between these proteins, we found that siRNA depletion of TGFβR1 or SMAD3 did not significantly affect the expression of CLDN3, CLDN7, or MSI2. This indicated that MSI2 regulates CLDN3/CLDN7 expression independently of TGFβR1 and SMAD3 (Fig. 3 A and B and SI Appendix, Fig. S10 A and B) . Functionally, overexpression of CLDN7 significantly decreased invasion in cells expressing high levels of endogenous MSI2 (Fig. 4 A-D) . Conversely, siRNA depletion of CDLN7 significantly increased invasion in 344SQ cells with depleted MSI2 but had no effect in cells with significant endogenous MSI2 (Fig. 4 E-G) . Taken together, we conclude that MSI2 stimulates invasion in lung cancer in part by sustaining TGFβR1 signaling and suppressing the expression of CLDN7 and potentially other claudins. -m1 and -h1) or without (SCR) shRNA depletion of MSI2, and with (-sm1, -sm2, and -Sm1, -Sm2) or without (GL2) siRNA depletion of SMAD3. (B) Western analysis for expression of indicated proteins in the 344SQ and A549 cell lines with (m1 and h1) or without (SCR) shRNA depletion of MSI2, and with TGFβR1 (-tβ1, -tβ2 and -Tβ1, -Tβ2) or without (GL2) siRNA depletion of TGFβR1. (C) Quantification of results from three independent Matrigel invasion assays for 344SQ and A549 with (-m1 and -h1) or without (SCR) shRNA depletion of MSI2, in the context of additional siRNA depletion of TGFβR1 (-tβ1, -tβ2 and -Tβ1, -Tβ2) or SMAD3 (-sm1, -sm2 and -Sm1, -Sm2) versus siRNA negative control (GL2). *P < 0.05 and ***P < 0.001 relative to controls.
Discussion
In summary, our study for the first time, to our knowledge, shows that elevation of MSI2 expression progressing NSCLC supports tumor cell invasion and metastasis by modulating TGF-β-dependent EMT and repressing claudin expression (Fig. 5) . Although a number of studies have previously identified a role for the MSI2 paralogue MSI1 as oncogenic in a number of cancer types (30) (31) (32) , MSI2 has attracted much less scrutiny. However, MSI2 has been shown to be oncogenic in a mouse model of colon cancer (28); MSI2 expression is induced by loss of the adenomatous polyposis coli (APC) gene, and overexpression of MSI2 phenocopies APC loss (28) . MSI2 is also overexpressed and oncogenic in human leukemias. Elevated MSI2 expression is associated with poor survival in leukemia, and MSI2 knockdown or genetic deletion reduced engraftment and caused a defect in hematopoietic stem cell maintenance in vivo as a result of decreased proliferation (23, 24, 33) , in part due to a loss of sensitivity to TGF-β-mediated expansion and compromised TGFβR1 and SMAD3 signaling. Our data confirm the relevance of TGFβR1 and SMAD3 to some MSI2 activities in NSCLC but also establish for the first time, to our knowledge, that MSI2 status conditions TGFBβR1 regulation of E-cadherin/CDH1 as well as the ability of TGFβR1 and SMAD3 to influence cell invasion. These results coupled with our evidence showing rising levels of MSI2 as tumors become increasingly metastatic in mouse models or human specimens suggest that MSI2 expression status may be relevant to the change in TGF-β signaling from prodifferentiation to proinvasive during tumor progression (29) . Full understanding of the functional role of MSI2 in NSCLC metastasis will require additional studies, such as clinical correlative analysis.
Importantly, our data suggest that, in NSCLC, proliferation is a much less important target of MSI2 regulation than control of invasion, in a marked difference from leukemia models. Analysis of MSI proteins in breast cancer has led to the suggestion that these proteins may be required to support an epithelial luminal cell identity (25) . However, our findings point to a more complex mode of action, with MSI2 supporting expression of CDH1, VIM, SLUG, and SNAIL but suppressing that of Zeb1/2, FOXC2, and multiple claudins. TGF-β has previously been shown to directly support expression of SNAIL but not ZEB1/2 in an NSCLC cell model (34) , suggesting these downstream effects of MSI2 include both TGF-β-dependent and -independent outputs. Together with MSI2-dependent expression of CDH1, these results are compatible with a model in which MSI2 creates conditions that favor collective migration (35) , an idea bearing further investigation.
Although essentially unaddressed in lung cancer, a claudin-low phenotype has been linked to EMT, stemness, and chemotherapy resistance in breast and bladder cancer (36) (37) (38) . CLDN7 is known to inhibit human lung cancer invasion (15) , and low expression of CLDN7 is linked to poor prognosis in NSCLC (39) . Our data for the first time, to our knowledge, indicate that MSI2 represses the expression of multiple claudins, with at least CLDN7 functionally important for MSI2-dependent invasion. Although technical issues limit simultaneous targeting of multiple claudins, it is likely that control of this suite of proteins significantly influences NSCLC metastasis, particularly given the mixed EMT phenotype of modulating MSI2 expression.
Finally, given their role as noncatalytic RNA-binding proteins, it is likely to be difficult to develop effective small molecule inhibitors targeting MSI1 or MSI2. However, several recent therapeutic strategies to improve NSCLC treatment focus on TGF-β (40-42), and activity of such compounds could be strongly influenced by MSI2 status in tumors, with invasive or metastatic NSCLC expressing higher levels of MSI2 having a differential response. In addition, the EMT process itself has been shown to influence cellular resistance to a number of drugs of relevance to NSCLC treatment (7) . Further study of MSI2 function in normal lung development, cellular transformation, and NSCLC drug resistance is clearly warranted.
Methods
Also see the extended methods in SI Appendix, SI Methods.
Cell Culture. Mouse cell lines (344SQ, 531LN2, others) from p53 previously described (13) . Human alveolar basal epithelial adenocarcinoma cell lines A549, H358, H322, and H226 were obtained from the American Type Culture Collection (ATCC). All cells were grown in RPMI 1640 with 10% FBS (50 mL FBS/ 450 mL RPMI). The 344SQ-m1/2, 531LN2-m1/2, A549-h1/h2, and H358-h1/h2 MSI2-knockdown cell lines were created by transfection with the pLKO.1 system-based shRNA lentivirus (SIGMA) (SI Appendix, SI Methods).
Cell Proliferation and Invasion Assays. Cell growth was measured by CellTiterBlue and water-soluble tetrazolium salts assays and by direct quantitation of DAPIstained nuclei. Invasion assays were performed using standard Matrigel invasion assays. Details of protocols and statistical analyses are provided in detail in SI Appendix, SI Methods.
In Vivo Analysis of Tumor Growth and Metastasis. All animal experiments were reviewed and approved by the Institutional Animal Care and Use Committees at the MD Anderson Cancer Center and at the Fox Chase Cancer Center. Orthotopic and s.c. xenograft studies were performed to study the proliferation and metastatic potential of NSCLC cell lines with overexpressed or depleted MSI2. Detailed protocols are provided in SI Appendix, SI Methods.
RPPA Reverse-Phase Protein Analysis. The 344SQ-SCR, 344SQ-m1, and 344SQ-m2 mouse cells were lysed and prepared according to MD Anderson Core Facility instructions, as previously described, and RPPA was performed at the facility (43) (44) (45) . Data were visualized using the MultiExperiment Viewer program (www.tm4. org/mev.html) (46) .
Protein Expression Analysis by Western Blotting. Lysates were prepared for analysis, and Western blotting and analysis were performed using standard protocols. Quantified data were averaged from at least three independent runs for all experiments. See SI Appendix, SI Methods for the specific antibody reagents used.
siRNA Transfection. SMARTpool siRNAs targeting human/mouse TGFβR1/TgfβR1, SMAD3/Smad3, and CLDN7/Cldn7 (SI Appendix, Table S4 ) and nonspecific control pool siRNA were purchased from Dharmacon. NSCLC cells at 50% confluence were transfected with siRNA at final concentrations of 50 nmol/L using the LipofectAMINE 2000 transfection reagent (Thermo Fisher Scientific) according to the manufacturer's instructions.
